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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
Metallic “I”-shaped connectors, properly placed in sculptured grooves, are used nowadays for restoring damaged connections of 
the Parthenon Temple. The grooves are then filled with a suitable cement mortar. In this study, the mortar was reinforced with multi-
walled carbon nanotubes, in an effort to develop a smart material which could monitor the structural integrity of the connection,
by measuring its electrical resistance through the Electrical Resistance Change (ERC) technique. The connection was subjected 
to shear using a properly designed metallic restraining-loading system. The ERC technique was used in conjunction with
traditional (electrical strain gauges and clip gauges) and innovative sensing techniques (Digital Image Correlation and Acoustic 
Emission). The data obtained by the ERC technique are in very good qualitative agreement with the respective ones provided by 
both the traditional and the innovative techniques. Moreover, the overall variation of the ERC is well compatible with the load
applied, indicating that the specific quantity could be a flexible tool for monitoring strain/damage of the restored connections.
© 2016 The Authors. Published by Elsevier B.V.
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1. Introduction
The monuments constructed during the classical era (5th-4th century BC) were built using stone blocks without 
any intermediate layer of adhesive material. Typical monuments of these dry stone constructions are the ones of the 
Athenian Acropolis. They were built using Pentelic marble blocks which were connected to each other by means of 
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iron elements placed in suitable geometrical grooves (Fig.1). Specifically, “I”-shaped elements were placed in “I”-
shaped grooves in order to keep the epistyles connected. The groove was originally filled with molten lead. Over the 
centuries, most of the connections were damaged due to both their mechanical loading and the corrosion of the iron. 
During the restoration project in progress, iron is substituted by titanium due to its increased resistance to corrosion 
(Angelides 1976). In addition, lead is substituted by a cement-based mortar in order to avoid the formation of galvanic 
cell (Skoulikides 2000). The problem is not yet definitely closed since, recently, some unpredictable failures of con-
nections were reported (Vrouva 2007), rendering in-depth study of the failure mechanisms activated indispensable.
In general, these connectors are considered as tension elements (Korres & Bouras 1983). Their tensile behaviour 
has been studied both experimentally (Zambas 1994; Pavlovcic et al. 2008) and numerically (Zambas 1994; Kour-
koulis & Pasiou 2015). However, observations by the scientists working for the Parthenon’s restoration project in-
dicate that the connectors also undergo intense shear loading (Vrouva 2007). In addition, there are strong indications 
that the connectors’ high stiffness might be harmful for marble (Vrouva 2007; Stefanou & Vrouva 2009). The
problem is usually studied numerically (Papadopoulos 2006; Toumbakari 2008; Kourkoulis & Pasiou 2014). It was 
only very recently that the mechanical response of these connections under shear was studied experimentally (Kour-
koulis et al. 2014; Triantis et al. 2015). It was concluded that a series of failure mechanisms are activated well before 
the macroscopically visible destruction of the connection. It was thus suggested that for a proper description of these 
failure mechanisms data should be somehow pumped from the interior of the connections.
Traditional methods to monitor the structural health of restored elements involve the use of sensors such as stain 
gauges, LVDTs and extensometers most of which provide information from particular locations on the structure’s 
outer surface. The failure mechanisms, though, leading to fracture of the connections are initiated at the interior of the 
three materials complex (marble-cement-titanium) and especially along their interfaces. Clearly, traditional sensing
techniques cannot detect these internal events. The development of ground breaking nanomaterials with exceptional 
mechanical and electrical properties, such as carbon nanotubes, offer the opportunity to develop a new era of cement-
based nanocomposites with multifunctional capabilities. Carbon nanotubes present excellent piezoresistive char-
acteristics (Obitayo & Liu 2012). Their electrical conductivity varies according to the externally induced stress/
strain, rendering them one of the most promising candidates to develop smart nanocomposites that could be used to 
monitor their own structural health and provide valuable information from the interior of the material. Previous 
research (Li et al. 2007; Han et al. 2009; Saafi 2009; Yu & Kwon 2009; Coppola et al. 2011; Han et al. 2011; Azhari 
& Banthia 2012; Konsta-Gdoutos & Aza 2014; Loh & Gonzalez 2015) has definitely shown that these materials can 
be successfully used to develop cementitious nanocomposites with self-sensing/piezoresistive properties.
In this direction the response of Parthenon’s connections was experimentally studied, by inducing pure shear load 
to marble blocks, mutually interconnected using “I”-shaped titanium connectors and cement mortar reinforced with 
multi-walled carbon nanotubes (MWCNTs) as filling material of the groove. The main objective was to investigate the 
possibility of utilizing the MWCNT reinforced mortar as a sensor to monitor the structural integrity of the restored 
marble epistyles. During testing the response of the connection was monitored using a variety of techniques includ-
ing strain gauges, clip gauges, Electrical Resistance Change (ERC), Digital Image Correlation (DIC) and Acoustic 
Emission (AE). A detailed study on the relationship between the applied load and the changes in the electrical resist-
ance of the nanoreinforced mortar was conducted. The nanocomposite data were compared with the respective ones 
obtained using the above mentioned traditional and innovative sensing techniques and the agreement was impressive.
(b) (c)(a) “I”-shaped 
connector
Fig. 1. (a) Schematic representation of a typical connection; (b) photo of typical ancient connections; (c) fractured ancient connection.
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2. The experimental protocol
2.1. Materials and specimens
The two marble blocks, simulating the epistyles, were made of Dionysos marble which is exclusively used at the 
Acropolis restoration project as a compatible substitute of the original Pentelic marble. Its mechanical behaviour has 
been thoroughly studied by Vardoulakis et al. (2001). The “I”-shaped connector was constructed by pure Grade 2 
titanium. The mortar was prepared using white Portland cement, CEM I 52.5R, provided by AALBORG WHITE 
and two types of quartz sand (a fine and a coarse one of grain size 260 μm and 1–2 mm, respectively). The as above
materials were chosen because they are used at the Athens’ Acropolis worksite for restoring fragmented marble struc-
tural elements. MWCNTs, of diameter 20-45 nm, length higher than 5 μm and purity exceeding 94% were used, 
provided by Glonatech SA. To facilitate with the MWCNTs’ dispersion a new type of polycarboxylate ether (PCE) 
superplasticizer (Ceresit CC 198 (FM)/(BV)) containing lignin sulfonate, that is typically used in the concrete 
industry, was used. 
Prior to their addition to the cementitious material the MWCNTs were dispersed in the mixing water with the aid of 
the polycarboxylate based superplasticizer. The effectiveness of this type of surfactant in dispersing the MWCNTs 
has been reported by Collins et al. (2012), Konsta-Gdoutos & Aza (2014) and Manzur & Yazdani (2015). Moreover,
Han et al. (2012) have shown that piezoresistive carbon nanotube cementitious composites can be developed by 
using a polycarboxylate superplasticizer as the nanomaterials’ dispersant. MWCNTs and the superplasticizer were used 
at a concentration of 0.2% and 0.8% by weight of cement, respectively. To homogeneously distribute the MWCNTs in 
the above suspension, ultrasonic energy was applied at room temperature through a probe ultrasonicator (Hielscher
UP200S with the cylindrical tip: Sonotrode S40, having a diameter of 40 mm and mixing capacity up to 2000 ml). The 
device was operating for one hour at 50% of its power. After ultrasonic processing, the MWCNT suspensions were
mixed with cement and sand according to ASTM C305 using a standard mixer. A mortar matrix with the proportions 
1:0.5:3 (cement:water:silica sand (2 parts of coarse and 1 part of fine quartz sand)) by weight was produced. After 
mixing, the cement mortar nanocomposite was used to fill the joint’s groove. The casting procedure is shown in Fig.2.
To measure the resistance of the nanomodified mortar during testing, four steel electrodes that covered the entire 
width of the groove were embedded into the nanocomposite at a depth of 10 mm, immediately after casting 
(Figs.2e,f). The distance between the connector and the lower side of the embedded electrodes was about 20 mm to 
avoid any possible interference between them. The exact position of the electrodes is shown in Fig.2f. The specimen 
was cured for 28 days by covering its surface with wet clothes that contained water saturated with lime and sealed 
with a suitable plastic membrane to prevent evaporation of water from the nanocomposite. Detailed information 
concerning the geometry and the construction of the specimens is provided by Kourkoulis et al. (2014).
Fig. 2. Specimens’ casting procedure: (a) raw materials and MWCNTs suspension; (b) “I”-shaped titanium connector; (c) marble blocks with 
sculptured groove; (d) filling the groove with the nanoreinforced mortar; (e) specimen immediately after casting with embedded electrodes; (f) 
close up showing the nanoreinfored mortar and the embedded electrodes.
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failure mechanisms data should be somehow pumped from the interior of the connections.
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to marble blocks, mutually interconnected using “I”-shaped titanium connectors and cement mortar reinforced with 
multi-walled carbon nanotubes (MWCNTs) as filling material of the groove. The main objective was to investigate the 
possibility of utilizing the MWCNT reinforced mortar as a sensor to monitor the structural integrity of the restored 
marble epistyles. During testing the response of the connection was monitored using a variety of techniques includ-
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(b) (c)(a) “I”-shaped 
connector
Fig. 1. (a) Schematic representation of a typical connection; (b) photo of typical ancient connections; (c) fractured ancient connection.
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Fig. 3. The experimental shear test set up showing (a) the specimen and the loading system, (b) the restraining system, the “I”-shaped connector
covered with the nanoreinforced mortar, the four electrodes used for the electrical resistance measurement, the acoustic emission sensors and the 
grid for the DIC measurements and (c) the rear of the specimen with two AE sensors and the upper and lower clip gauges.
2.2. The experimental set up and the sensing techniques used
During the loading procedure marble block-I (Fig.2c) was kept fixed, while an upwards displacement was 
induced on marble block-II, parallel to the interface plane of the two marble blocks. The tests were implemented
using an INSTRON (Model 1126) servo-hydraulic loading frame of capacity equal to 250 kN. Displacement-control 
loading mode was chosen, under quasi-static conditions, at a rate equal to 0.2 mm/min. A properly designed metallic
restraining-loading system, shown in Fig.3a was used. The immovable marble volume was fixed on the plate of the
loading frame with the aid of six steel threaded metallic bars and a number of metallic custom-made devices (Fig.3b). 
The load was applied on the upper face/side of the larger marble block by means of a rigid metallic device (Fig.3a).
Two clip gauges were properly attached on the rear side of the specimens, with the aid of knife edges (Fig.3c), to 
record the relative rigid-body displacement of the two marble blocks at the lower and upper level of their interface.
In addition three electrical strain gauges (SG) were attached on the web of the titanium connector, two on either side 
of the marbles’ interface and one at the central section, to record the normal strain along the axis of the connector
(Fig.2b).
The electrical resistance of the nanomodified mortar, which was used as a filling material of the grooves, was 
measured using the four-wire method. The two inner electrodes were used to measure the voltage while the two outer 
ones were used to supply the direct current (Figs.2e, f). An Agilent data acquisition device was used to record the 
electrical resistance measurements at a frequency of 1 Hz, for the whole duration of the loading application procedure.
The detection of micro-fracturing events at the interior of the two-marbles complex was achieved using the 
Acoustic Emission technique. The origin of this technique is dated back to 1933, when F. Kishinoue used a phono-
graph pick-up and a steel needle to record the process of shock occurrence in a wood specimen under bending. A 
few years later, the specific technique was used in rock mechanics applications. The proper attachment of a number 
of acoustic sensors on the surface of a specimen or a structure allows the spatiotemporal detection of the acoustic 
events during the loading process. In the present protocol, eight R15α acoustic sensors (Physical Acoustics) were 
coupled with silicone at strategic points of the marble blocks. The gain of the preamplifiers was set to 40 dB. The 
wave velocity used in order to locate the acoustic events was equal to 4500 m/s (based on preliminary breakings of 
pencil leads on the specimen). The equipment and the software used were by Mistras Group, Inc.
In parallel to the above mentioned techniques, Digital Image Correlation (DIC) was used, which allows non-
contact, three dimensional determination of the displacement field developed on the front surface of the specimen. 
DIC is an optical method the theoretical basis of which is dated back more than 30 years ago (Sutton 1983). A random 
speckles’ pattern is sprayed on the specimen and their exact locations are captured simultaneously by two cameras. 
The correlation of each dot’s location in the undeformed and the deformed states leads to the full-field spatiotemporal
(c) 
Restraining system
Electrodes
“I” shaped joint
DIC grid
AE sensors
AE sensor
Clip gauges
(b) 
Loading system
(a) 
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determination of the components of the displacement field. In the present experimental protocol two cameras, with 
resolution equal to 1624x1234 pixels and accuracy for displacements equal to 0.01 pixel, of the Limess Messtechnik 
& Software GmbH (Germany) 3D-DIC system were used. The rectangular active field was 52x38 cm2 and the size 
of the speckles’ was approximately equal to 0.95 mm. The cameras captured the specimen every 6 seconds.
3. Results
Macroscopic, naked-eye, observation pointed out that the load-carrying capacity of the specimens was exhausted 
when the marble block on which the load was imposed (i.e. marble block-II) was fractured. On the contrary, the fixed 
block remained always intact. The fracture plane passed through the lower area of the groove’s flange, through the 
titanium-nanomodified mortar interface, as it is seen in Figs.4a, b. The connector experienced large deformation lead-
ing to excess of titanium’s yield stress. The failure mechanism and the deformed shape of the connector are consistent 
with previous experimental results (Triantis et al. 2015). The plastic deformation of the connector is clear in Fig.4c.
A typical load-time curve is plotted in Fig.5a. Since displacement-control conditions are adopted this is quantitative 
equivalent to the load-displacement curve. Excluding the initial non linearity (i.e. region 0A, which is probably due 
to inevitable bedding errors), the graph is characterized by an almost perfectly linear portion AB, up to a load level 
equal to about 25.0 kN. After point B the graph becomes non-linear (segment BC) and the load increases further, up 
to a value equal to about 27.5 kN. This deviation from linearity may be safely attributed to yield of the connector.
This point of view is clearly supported by Fig.5b, in which the axial strain, as recorded by two of the electrical strain 
gauges attached on the connector, is plotted with respect to the load induced. A descending branch follows point C 
and the load decreases by about 1 kN. Then the slope becomes again positive (after point D) and the load increases
almost linearly until a load level equal to about 29.5 kN (point E). A slope change is observed again, however the load 
increases further reaching its maximum value of about 31.5 kN (point F) where the movable marble block is fractured.
The data concerning the electrical resistance change, ΔR/Ro, are plotted versus time in Fig.6a, in conjunction to 
the load induced. Excluding the initial portion the respective graph is again characterized by linearity up to a time 
instant equal to about 1700 sec (point 1), which corresponds to a load level equal to about 18.8 kN. This direct 
relationship between the ERC and the load induced is an encouraging indication that the specific technique could be 
used for monitoring stress/strain of the restored joints. Moreover, it is very interesting to observe that the load level 
at which the ERC-time relationship ceases being linear is well below the respective linearity limit of the load-time 
curve (25.0 kN). Taking into account previous studies and data pumped by employing the Pressure Stimulated 
Currents technique (Triantis et al. 2015), it could be stated that this deviation from linearity designates the onset of 
micro-cracking processes, which is not easily detectable by traditional sensing techniques. Therefore the ERC 
technique could be, also, considered as a damage/failure precursor.
From this level on and up to a time instant equal to about 2300 sec (point 2) the ERC increases further though 
according to a peculiar oscillating manner. This unstable behaviour could be attributed to the destruction of the 
electrical pathways due to intense local fractures of the nano-reinforced mortar. After point 2 the ERC-time graph 
exhibits a sudden drop for a time interval equal to about 200 sec and then it starts increasing again. In order to 
explain the specific behaviour, advantage is taken of data concerning the relative position/displacement of the two 
marble blocks. In this direction, the recordings of the two clip gauges attached at the rear side of the specimen and 
Fig. 4. (a,b) Typical specimen after fracture; (c) the deformed shape of the connector.
(a) (b) (c)
Marble fracture
Crack propagation
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graph pick-up and a steel needle to record the process of shock occurrence in a wood specimen under bending. A 
few years later, the specific technique was used in rock mechanics applications. The proper attachment of a number 
of acoustic sensors on the surface of a specimen or a structure allows the spatiotemporal detection of the acoustic 
events during the loading process. In the present protocol, eight R15α acoustic sensors (Physical Acoustics) were 
coupled with silicone at strategic points of the marble blocks. The gain of the preamplifiers was set to 40 dB. The 
wave velocity used in order to locate the acoustic events was equal to 4500 m/s (based on preliminary breakings of 
pencil leads on the specimen). The equipment and the software used were by Mistras Group, Inc.
In parallel to the above mentioned techniques, Digital Image Correlation (DIC) was used, which allows non-
contact, three dimensional determination of the displacement field developed on the front surface of the specimen. 
DIC is an optical method the theoretical basis of which is dated back more than 30 years ago (Sutton 1983). A random 
speckles’ pattern is sprayed on the specimen and their exact locations are captured simultaneously by two cameras. 
The correlation of each dot’s location in the undeformed and the deformed states leads to the full-field spatiotemporal
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Fig. 6. (a) Electrical resistance change of the nanomodified mortar versus time (some characteristic points are included); (b) the recordings and 
the relative opening of the marble blocks (for comparison purposes the load-time curve is included in both graphs).
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the relative opening of the blocks (“value of the lower clip gauge” minus “value of the upper clip gauge”) are plotted 
versus time in Fig.6b, again in conjunction to the load level. Although the maximum value recorded by the lower 
clip reaches 1 mm, the parasitic bending in the xy plane is clear at a first glance, especially after the load is approxi-
mately equal to 8.5 kN. Excluding its initial portion, the qualitative similarity of the relative opening-time plot to the 
respective load-time curve is astonishing. The relative opening of the volumes reaches a maximum value at the time 
instant when the load is equal to ~27.5 kN (point C). Afterwards, a small decrease is observed (until the load 
becomes equal to about 26.5 kN) indicating a temporary bending tendency in the xy plane the direction of which is 
opposite to the so far recorded bending tendency. This change of the rotation tendency could perhaps explain the 
unstable behavior of the ERC-time curve, since it designates an inversion of the tendency of the two blocks to 
approach each other (or equivalently an inversion of the parasitic loads mutually exerted by the two blocks on each 
other). Indeed a tendency of the blocks to approach each other corresponds to parasitic compressive forces which are 
in favour of closing microcracks while on the other hand a tendency to move away from each other corresponds to 
parasitic tensile loads which create additional microcracks increasing the electric resistance. From this point on, the 
opening of the epistyles gets continuously higher values. When load reaches point E (~29.5 kN) the slope of the 
relative opening-time curve increases slightly denoting acceleration of the separation of the two blocks. The specific 
point will be further discussed in next section taking advantage of the data gathered by the DIC and AE techniques.
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Fig. 5. (a) Typical load-time curve; (b) the variation of the strains at the central region of the connector (orange line) and at the region which 
belongs to the moving block (light blue line).
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4. Discussion and Conclusions 
For properly presenting the DIC technique data two small rectangles, of area equal to about 1x1 cm2, are isolated
on the mortar’s front surface, on each side of the blocks interface, as it is seen in the photo embedded in Fig.7a. The 
displacement of their geometric center along x-axis (i.e. the connector’s longitudinal axis) was determined for the 
whole loading process and the results are plotted in Fig.7a, versus time. It is seen that during the first 1600 sec (cor-
responding to a load level of about 16.5 kN), the ux-values of both areas increase almost linearly. What is however 
more interesting is that during this time period the mortar at the central area of the specimen is under compression 
along its horizontal axis. Indeed, the difference of the ux-displacements of the two blocks is negative (or in other 
words the horizontal displacement of the mortar on the left block exceeds the respective one of the right block).
From this time instant on the difference of the displacements becomes positive, which means that the right (moving 
upwards) block starts moving away from the fixed one, also along the horizontal axis. In other words tensile stresses 
are developed on the mortar’s surface. Then at an instant around 1800 sec the mortar splits. This time instant is in 
very good agreement with the initiation of the unstable behavior of the ERC mentioned in previous section. Around 
1920 sec (at a load level of about 23.5 kN) mortar’s right part starts moving in the opposite direction, as it is seen by 
the decrease of its ux-values decrease in Fig.7a. Again this time instant almost coincides with point B of the load-
time curve (Fig.5a), which was considered to be the point where the connector yields. Taking into account that the 
smaller marble volume is almost fixed and that the test is carried out under displacement control mode (i.e. the de-
formation along the loading axis is the control parameter) it could be understood that the yielding of the connector 
leads to large parasitic longitudinal deformations (i.e. along x-axis). Therefore, the force applied on the marble blocks
by the two flanges of the connector starts pushing each block to move apart from the other one. This behaviour is 
continued until the time instant of 2320 sec (load equal to about 26.5 kN). From this point on, the ux-values of the 
mortar’s left area remains almost constant since the motion of the left volume is to some extent restricted.
As a next step, the acoustic events recorded at the center of the specimen (0.22≤x≤0.27 m, 0.10≤y≤0.16 m, 
0≤z≤0.20 m, see Fig.7b) were isolated. The cumulative number of these events and the load applied are plotted
versus time for the whole loading process in Fig.7b. It is clear that the first acoustic events in the central volume are
detected when the first slope change of the load-time curve is observed (point A in Fig.5a). In addition, it is evident
that the cumulative number of events deviates from linearity and it starts increasing rapidly at around 1700 sec, i.e. 
the time instant at which mortar is fractured, as it was already detected by the ERC and DIC methods (Figs.6a, 7a).
Recapitulating it can be definitely stated that reinforcing the mortar, which is used to fill the grooves in restored 
connections, by adding multi-walled carbon nanotubes, provides a material which can simultaneously act as strain 
sensor and also as pre-failure indicator. To avoid confusion it must be emphasized here that the final decisions
concerning the applicability of this procedure in the restoration praxis should be further considered in collaboration 
with scientists working in restoration projects. Their experience regarding the various aspects of materials’ compati-
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Fig. 6. (a) Electrical resistance change of the nanomodified mortar versus time (some characteristic points are included); (b) the recordings and 
the relative opening of the marble blocks (for comparison purposes the load-time curve is included in both graphs).
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the relative opening of the blocks (“value of the lower clip gauge” minus “value of the upper clip gauge”) are plotted 
versus time in Fig.6b, again in conjunction to the load level. Although the maximum value recorded by the lower 
clip reaches 1 mm, the parasitic bending in the xy plane is clear at a first glance, especially after the load is approxi-
mately equal to 8.5 kN. Excluding its initial portion, the qualitative similarity of the relative opening-time plot to the 
respective load-time curve is astonishing. The relative opening of the volumes reaches a maximum value at the time 
instant when the load is equal to ~27.5 kN (point C). Afterwards, a small decrease is observed (until the load 
becomes equal to about 26.5 kN) indicating a temporary bending tendency in the xy plane the direction of which is 
opposite to the so far recorded bending tendency. This change of the rotation tendency could perhaps explain the 
unstable behavior of the ERC-time curve, since it designates an inversion of the tendency of the two blocks to 
approach each other (or equivalently an inversion of the parasitic loads mutually exerted by the two blocks on each 
other). Indeed a tendency of the blocks to approach each other corresponds to parasitic compressive forces which are 
in favour of closing microcracks while on the other hand a tendency to move away from each other corresponds to 
parasitic tensile loads which create additional microcracks increasing the electric resistance. From this point on, the 
opening of the epistyles gets continuously higher values. When load reaches point E (~29.5 kN) the slope of the 
relative opening-time curve increases slightly denoting acceleration of the separation of the two blocks. The specific 
point will be further discussed in next section taking advantage of the data gathered by the DIC and AE techniques.
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Fig. 5. (a) Typical load-time curve; (b) the variation of the strains at the central region of the connector (orange line) and at the region which 
belongs to the moving block (light blue line).
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bility (mechanical, chemical, physical, aesthetic etc) is the decisive factor before definite conclusions are drawn.
On the other hand and irrespectively of the as above aspect of this study, it should be emphasized that the data 
gathered by the ERC technique are in very satisfactory agreement (both qualitatively and quantitatively) with the 
respective data gathered by both traditional (strain gauges and clip gauges) and innovative sensing techniques (DIC 
and AE). Therefore it could be stated that the present study (although at a rather preliminary stage) constitutes a 
flexible and potentially useful step in the direction of comparatively assessing/calibrating various techniques, in case 
they are to be applied in the field of rock mechanics and more specifically in the field of restoring stone monuments. 
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